We developed an immunochromatography-based assay for detecting antibodies against recombinant α-galactosidase A proteins in serum. The evaluation of 29 serum samples from Fabry patients, who had received enzyme replacement therapy with agalsidase alpha and/ or agalsidase beta, was performed by means of this assay method, and the results clearly revealed that the patients exhibited the same level of antibodies against both agalsidase alpha and agalsidase beta, regardless of the species of recombinant α-galactosidase A used for enzyme replacement therapy. A conventional enzyme-linked immunosorbent assay supported the results. Considering these, enzyme replacement therapy with agalsidase alpha or agalsidase beta would generate antibodies against the common epitopes in both agalsidase alpha and agalsidase beta. Most of the patients who showed immunopositive reaction exhibited classic Fabry phenotype and harbored gene mutations affecting biosynthesis of α-galactosidase A. As immunochromatography is a handy and simple assay system which can be available at bedside, this assay method would be extremely useful for quick evaluation or first screening of serum antibodies against agalsidase alpha or agalsidase beta in Fabry disease with enzyme replacement therapy.
Introduction α-Galactosidase A (GLA, EC 3. 2. 1. 22) is a lysosomal hydrolase encoded by a GLA gene localized at Xq22, and it catalyzes the degradation of glycolipids, predominantly globotriaosylceramide (Gb3) and globotriaosylsphingosine (lyso-Gb3). The mature form of GLA is a glycoprotein consisting of 398 amino acids and sugar chains, and the native GLA from humans has a homodimeric structure [1] .
Deficient activity of GLA causes systemic accumulation of the glycolipids, leading to Fabry disease (MIM 301500). The manifestations in the "classic form" of Fabry males involve acroparesthesia, angiokeratomas, hypohidrosis and corneal opacities during childhood or adolescence, and develop kidney, heart and cerebrovascular involvement in adulthood. On the other hand, Fabry males with the "later-onset form" develop heart and/or kidney disease without the childhood symptoms. Fabry females exhibit a wide range of clinical presentations due to random X-chromosomal inactivation [1, 2] .
Two different recombinant GLAs produced in human fibroblasts (agalsidase alpha, Aga-A; Replagal, Shire Human Genetic Therapies) [3] and Chinese hamster ovary cells (agalsidase beta, Aga-B; Fabrazyme, Genzyme) [4, 5] are available for enzyme replacement therapy (ERT) for Fabry disease. The ERT improves the clinical manifestations or prevents the progression of the disease, if the treatment is started early, and many Fabry patients have been successfully treated with these recombinant GLAs [6, 7] . However, recurrent injections of the recombinant GLAs often cause the production of antibodies against them among Fabry male patients, leading to allergic reactions and/or reduction of the efficacy of ERT [8] [9] [10] . Many studies involving detection of anti-GLA antibodies have been performed for each recombinant GLA by means of enzyme-linked immunosorbent assay (ELISA) method [11, 12] . However, ELISA is not suitable for quick evaluation at bedside. Furthermore, there are methodological differences among studies, i.e., sample treatment, definitions of seropositivity, and cut-off points [8] , and the results have often made a confusion in comparing the immune reaction due to each recombinant GLA. An effort has been directed to standardize GLA antibody assays across the industry in order to obtain comparative antibody data on ERT [13] , but it seems that the standardization does not successfully work.
In this study, we developed an easy and rapid immunochromatography (IC)-based assay method for detecting antibodies against the recombinant GLAs, and measured anti-GLA antibody levels in serum from Fabry patients treated with Aga-A, Aga-B, or the both as samples. Furthermore, we validated this IC method and compared the results with those of the conventional ELISA.
Materials and Methods
This study was approved by the Ethics Committees of Tokyo Metropolitan Institute of Medical Science, Meiji Pharmaceutical University, Jikei University School of Medicine, The University of Alabama School of Medicine, Nihonkai General Hospital, Oujin-kai Kimachi Hospital, Mutsu General Hospital. All participants and/or their parents provided written informed consent to participate in this study.
Innovation (ID: 09-15, H.S.). The funders played no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: S.N. is employed by Synthera Technologies Co., Limited, and Y. K. and K.T. is employed by ADTEC Co., Limited. H.S. is a recipient of grants from Sumitomo Dainippon Pharma Co. Ltd. and Genzyme Japan. The funders played no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript. Synthera Technologies Co., Limited and ADTEC Co., Limited provided support in the form of salaries for authors SN, YK and KT, but did not have any additional role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript. The specific roles of these authors are articulated in the 'author contributions' section. This does not alter the authors' adherence to PLOS ONE policies on sharing data and materials.
Patients and samples
Serum samples for measurement of the antibodies against Aga-A and Aga-B were obtained from 26 Fabry males (17 classic type, 5 later-onset type, and 4 unknown), 3 Fabry females (Table 1) , and control as an average from 20 healthy volunteers (S1 Table) . The clinical information of the patients (age, phenotype, genotype, and recombinant GLA with which a patient was treated on ERT) was shown in Table 1 . Phenotype of the Fabry patients was classified based on the clinical manifestations, family history and results of GLA gene analysis, and Fabry gene mutations were classified according to the Fabry database (http://fabry-database.org/). Among the Fabry patients, 13 ones have been treated with Aga-A, 13 ones with Aga-B, and 3 ones with the both for more than 3 months (Table 1) .
Immunochromatography (IC)
For detecting anti-recombinant GLA (Aga-A or Aga-B) antibodies in serum, Aga-A or Aga-B (1 μg/line) were immobilized on the IC membrane ( Fig 1, Test line; T) . In contrast, anti-goat IgG antibody was immobilized on the control line (Fig 1, Control line: C) to evaluate the appropriate flow of IC by detecting goat anti-human IgG as shown in Fig 1A. In the first step, serum, which was diluted at 10 folds with sample buffer (50 mM Tris-HCl (pH = 7.2), 150 mM NaCl, 1% Trition X-100), was dropped on the IC chip (Fig 1B(1) ). In the second step, the reservoir unit (Reservoir) containing conjugation buffer (50 mM Tris-HCl (pH = 7.2), 150 mM NaCl, 1% Trition X-100, 1 mM MgCl 2 , and AP labelled-goat anti-human IgG) was opened by fingers for developing the antibody/antigen reaction (Fig 1B(2) ). The dry substrate of AP (BCIP) was fixed on the membrane and mixed with conjugation buffer after opening the Reservoir. In the final step, anti-GLA antibodies captured by the immobilized Aga-A or Aga-B on the membrane were detected by alkaline phosphatase (AP)-conjugated goat anti-human IgG, and visualized with enzyme reaction of AP (Fig 1B(3) ). The level of the color strength (score) was evaluated from level 0 (no color) to level 8 (maximum density) by the visual determination according to a control color paper. We determined here that the immune reaction was positive (+) when the score was 2 or more, and pseudopositive (±) when it was one.
To examine the cross-reactivities of the recombinant GLAs and other lysosomal enzymes including acid α-glucosidase, α-L-iduronidase, and iduronate-2-sulfatase to the antibodies, we prepared IC kits with membranes on which each enzyme (1 μg/strip) was immobilized, and the immune reaction was examined using serum from Fabry patients as samples according to the same procedure of the GLAs.
Magnetic beads ELISA
For the magnetic beads ELISA, Aga-A or Aga-B were each conjugated to Tosyl-activated Dynabeads M-280 (Invitrogen Dynal AS, Oslo, Norway) according to the manufacturer's protocol. The 96-well plate wells were blocked by incubating with 200 μL/well aliquot of Pierce ProteinFree Blocking Buffer (Thermo Fisher Scientific K.K. Pierce Biotechnology, Rockford, IL, USA) for 1 h at room temperature. Then the blocking buffer was removed. The recombinant GLA protein-conjugated magnetic beads were mixed in an assay buffer containing 0.05% Tween-20, 0.45 M NaCl, 50 mM sodium phosphate, pH 7.4, and 10% goat serum. In the next, they were mixed with serum, which were appropriately diluted with 0.05% Tween-20, 0.45 M NaCl, 50 mM sodium phosphate, pH 7.4, in a 96-well plate for 1 h at room temperature with shaking. The beads were captured for 3 min with a 96-well Magnetic-Ring Stand (Applied Biosystems, Foster City, CA), and washed 4 times with 180 μL/well aliquot of wash buffer (0.05% Tween-20, 0.5 M NaCl, and 20 mM Tris-HCl, pH7.4). Then, an appropriately diluted HRP-conjugated Goat anti-Human IgG (H+L) antibody was added to the test wells at 50 μL/well, and the 96-well plate was incubated for 1 h at room temperature. The conjugate solutions were removed and the wells were washed four times. Finally, the immune reaction was analyzed using the microplate reader Benchmark (BIO-RAD, Hercules, CA, USA) by adding peroxidase substrate (0.04% o-phenylenediamine, 0.6% H 2 O 2 , and 0.15 M citric acid buffer, pH 5.0) to each well.
Statistical analyses
Student's t test was performed using Excel 2013 (Microsoft, Redmond, WA) to determine the difference between the classic group and other ones. Data are expressed as means ± standard deviation (SD). To examine the distribution of the cases in each phenotypic group, dot plot analysis (http://onlinestabook.com/2/graphing-distribution/boxplot.html) was performed. 
Results
Establishment of IC for measurement of serum anti-GLA antibody level
For the first evaluation of the developed ICs, we used two serum samples which had exhibited high titer of anti-GLA antibodies in the previous study; the sample #17 from a patient who had received ERT with Aga-A and #27 from one with both Aga-A and Aga-B for comparison with the results of authentic ELISA (Fig 2) . We measured anti-Aga-A antibodies (black column) and anti-Aga-B antibodies (white column) for the samples at the indicated dilution by means of the ELISA (Fig 2A) . In this experiment, the original serum were diluted with normal serum and used as samples. The results clearly showed the correlation to the dilution rate without background. Next, we applied the same samples to two kinds of ICs; one plotted with Aga-A (upper lane) and another with Aga-B (lower lane) (Fig 2B) , and we scored each test by visual judgment according to the color scale paper (Fig 2C) . Both samples without dilution clearly showed an immune reaction against both Aga-A and Aga-B. The strength of test line (T) was well correlated to the dilution rates. The sample #27 from a patient who had received ERT with Aga-A clearly indicated the cross-reaction to Aga-B.
Specificity of the developed IC
Next, we tested the cross reaction to other similar enzymes related to lysosomal storage diseases such as Pompe disease (acid α-glucosidase deficiency), mucopolysaccharidosis I (α-L-iduronidase deficiency), and mucopolysaccharidosis II (iduronate-2-sulphatase deficiency). The samples #27, 28, and 29 were assayed to examine the cross reaction to acid α-glucosidase, α-Liduronidase, and iduronate-2-sulfatase with ICs which were designated to detect serum antibodies against each enzyme. The samples #27 and 28 with high scores of antibodies against both Aga-A and Aga-B demonstrated no immune reaction against the three enzymes. The sample #29, which exhibited score 0 in ICs for both Aga-A and Aga-B, did not show any reaction against the three enzymes (S2 Table) .
Comparison of IC versus ELISA as to serum from Fabry patients and healthy controls
To validate IC and ELISA using clinical samples, the levels of anti-GLA antibodies in serum from Fabry patients treated with Aga-A, Aga-B, or the both were measured. First, we performed ELISA and IC assay using serum from 20 healthy subjects, and evaluated the control values (S1 Table) . The OD 450nm values of both ELISAs using Aga-A and Aga-B were in the range from 0.008 to 0.078 (Aga-A) and 0.008 to 0.094 (Aga-B). On the other hand, both ICs for Aga-A and Aga-B showed score 0 for all the healthy subjects. In total 29 Fabry patients who received ERT, three patients treated with Aga-A (#1-3), 4 ones with Aga-B (#14-17), and 2 ones with both Aga-A and Aga-B (#27, 28) were immunopositive for the ICs (S1 Fig), scored by a color scale. They are all male patients, and their clinical phenotypes are 6 classic, 1 later-onset, and 2 unknown. Gene analyses were performed for seven patients of them, and the results revealed that these patients harbored deletions (c.717_718delAA and a large deletion), nonsense mutations (W47X, R227X, W277X, and W340X), and a missense one (L403S). Beside them, one male patient who had received ERT with Aga-A (#4: phenotype unknown, genotype not examined) exhibited score 1 (pseudopositive) for both Aga-A and Aga-B, and two male patients treated with Aga-B (#18: phenotype classic, genotype c.1118delG; and #19: phenotype classic, genotype L120P and A121T) exhibited score 1 for Aga-B, but not for Aga-A. Eight classic Fabry males, five later-onset Fabry males, one Fabry male of unknown phenotype, and three Fabry females were immunonegative for ICs. Gene analyses were performed for 14 patients of them, and the results showed that these patients harbored nonsense mutations (R227X, W277X, and Y365X), splicing defects (IVS5-1G>C and IVS6+1G>T), and missense mutations (R112H, R112S, N215S, R227Q, D264Y+V296M, N272S, N272K, and M296I x 2) ( Table 1) .
The results of the measurement of anti-GLA antibodies with ELISA and IC were summarized in Table 1 , and the result of the comparative analysis for them was shown in Fig 3. The OD values of serum including antibodies against Aga-A (black column) and Aga-B (white column) in ELISA (left panel) were well correlated with their visual scores in IC (right panel). The results of the ELISA using Aga-A were well correlated with those using Aga-B (R 2 = 0.9973), as shown in Fig 4A. The relationship between the scores in IC and the OD values in ELISA was also examined. The results demonstrated that the scores for IC using Aga-A were well correlated with the OD values for ELISA using Aga-A (R 2 = 0.9799), as shown in Fig 4B. The results of IC using Aga-B were also well correlated with those for ELISA using Aga-B (R 2 = 0.931), as shown in Fig 4C. Evaluation of the non-specific reaction of serum factors Table. However, the values were higher than those in the ELISA without antigen (white column), and there was not any change after the absorption of BSA or Aga-A (S2 Fig). On the other hand, Table. Interestingly, in the case of sample #19, absorption of BSA completely suppressed the back ground. These results suggest that we have to consider the addition of BSA in the assay buffer and the visual score 1 must be carefully evaluated as a border line (pseudopositive).
Discussion
According to an increase in the number of Fabry patients treated with the recombinant GLAs, an easy and rapid detection of antibodies against them is urgently needed to properly follow the patients during ERT. IC has been used for helping various clinical diagnoses at bedside, i.e., detection of viruses [14] [15] [16] . In this study, we developed an IC-based assay method for detecting anti-GLA antibodies in serum. This assay requires only one drop volume of serum or whole blood as a sample and can rapidly measure anti-GLA antibodies.
Using this new method, we determined the levels of antibodies against Aga-A and Aga-B for Fabry patients who had been treated with Aga-A, Aga-B or the both. The results revealed that the Fabry patients exhibited the same levels of antibodies against both Aga-A and Aga-B regardless of the species of recombinant GLA used for ERT. The results of authentic ELISA supported those of the IC assay. Aga-A and Aga-B are produced in human fibroblasts and Chinese hamster ovary cell, respectively, and it has been reported that they have the same amino acid sequences, although their components of sugar chains are different according to their host cells in production [17] . Considering that Aga-A and Aga-B are indistinguishable in terms of antibody cross-reactivity, ERT with Aga-A or Aga-B would generate antibodies against the common epitopes, probably in the protein portion of the GLA molecule. There have been few reports involving measurement of titers of anti-GLA antibodies in Fabry patients treated with either Aga-A or Aga-B under the same assay condition [18] [19] [20] . Linthorst et al. reported that after 6 months of treatment with either Aga-A or Aga-B, some patients showed high titers of IgG antibodies that cross-react in vitro similarly with the both [18] . The result supports our data.
Among the nine male patients who showed an immunopositive reaction against the recombinant GLAs, six exhibited the classic phenotype and one later-onset, and as to the other two patients the phenotype was unknown. Among the three patients who showed a pseudopositive reaction, two exhibited the classic phenotype, as to the other one patient the phenotype was unknown. On the other hand, nine classic Fabry males, four later-onset ones and one male patient with unknown phenotype showed an immunonegative reaction against Aga-A or Aga-B. Immune reaction of the female Fabry patients was all negative.
Relationship between gene mutations and immune reaction was also examined. Two deletions, four nonsense mutations and one missense mutations were identified in the patients who showed an immunopositive reaction, and as to the other two cases gene analysis was not performed because the informed consent cannot be obtained from them. One deletion and one missense mutation were found in the patients who showed a pseudopositive reaction, and as to the other one case gene analysis was not performed. Two splicing defects, 3 nonsense mutations, and 9 missense ones were identified in the patients who showed an immunonegative reaction, and as to the other three cases gene analysis was not performed (Table 1) .
These results revealed that six of the nine immunopositive cases exhibited the classic phenotype, and their genotypes were deletions (2 cases) or nonsense mutations (4 cases), which lead to defect of biosynthesis of GLA. It suggests that loss of GLA protein accelerates generation of anti-GLA antibodies during ERT. Previously, we reported that most of the classic type of Fabry males exhibit no enzyme activity and no or trace of GLA proteins in plasma, although the later-onset type of Fabry males had residual enzyme activity and small or considerable amount of GLA proteins [21] . It suggests that classic Fabry patients tend to generate anti-GLA antibodies rather than the later-onset ones.
In conclusion, we developed an easy and rapid IC-based assay for detecting anti-GLA antibodies in serum. It will be useful for quick evaluation or first screening of serum antibodies against Aga-A or Aga-B. Our IC-based detection system of anti-GLA antibodies may also help to follow the height of the titer in an individual treated with ERT by means of a score card.
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